Aeromagnetic field over an area is a sum of the total or inducing field and the remanent field produced by complex distributions of magnetization in the earth's crust. For proper interpretation of a magnetic data set or anomaly, it is imperative that both the external and remanent magnetization directions be known. Most interpretation tools assume that the induced magnetization in the ambient field direction is the only or primary component of the total magnetization and its direction is known. This can lead to erroneous interpretation as in many cases remanence can be present strongly as to affect the true magnetization direction. In this paper, the use of angular spectrum of magnetic data can assist in delineating angular features of both regional and local significance and so capable of removing such angular assumptions. Application of the angular spectral analysis on a synthetic example and a real data set from the Middle Benue Trough, Nigeria gives spectral peaks in the frequency bands that correspond to measured lineation. One of the major drawbacks in this method is that there may be some peaks in the angular spectrum that can be caused by other factors such as direction of polarization and the data window used in tapering.
Introduction
Aeromagnetic field is a complex phenomenon arising from complex distribution of magnetization in the earth's crust. Broadly speaking, there are two types of magnetization that contribute to the external magnetic fields caused by geologic features. The most common component arises from magnetic minerals immersed in the ambient field of the earth (induced magnetization). A less common contribution, but of equal or in some cases the dominant effect, is a response left-over from ancient geological events (remanent magnetization). Many magnetic anomalies are a combination of both types of magnetization. In most of these cases, the remanent and induced field vectors point in different directions. The ratio of the remanent to the induced magnetization is the Koenigsberger ratio and this expresses the relative contribution of each of these two vectors to the anomaly shape and amplitude.
Remanent magnetization is usually defined as the magnetization embedded in the mineral composition of a rock due to the direction of the earth's field when the rock was formed. Remanence can also be caused either by chemical reactions in the rock after formation, fluctuation in temperature above and below the Curie point, or long term exposure to an external field (Zietz and Andreasen 1967, Roest and Pilkington, 1993) .
A typical total field magnetic map is dominated by broad anomalies, which are largely indicative of the regional magnetic variations in the deep basement rock. As a general rule, with exceptions, deep sources (arising from topography, regional features and magnetic core field) have a long wavelength (low frequency) response and shallow magnetic sources (shallow plates and terrain clearance) have a short wavelength (high frequency) response. Thus in order to emphasize anomalies originating nearer to surface, a variety of filters is applied. Filters are calculated using well documented Fast Fourier Transform (FFT) techniques. Prior to applying the FFT, the data grid is extended by about 30% in all directions. This process is commonly called 'padding' and 'tapering' the data grid. The padding is done to reduce or eliminate edge effects during FFT process and the tapering (roll-off) is done to minimize the contribution of the padded (zeroed) data to the filtered result. All the anomalies on the filtered maps are substantially free of edge effect contamination.
To compute the power spectrum of magnetic data, the field data are usually decomposed into constituent's wavenumbers or frequencies (x-axis), which are plotted against their relative power (y-axis). The wavelength, which is equal to 1/wavenumber, is also annotated along the xaxis (decreasing from left to right). For instance, as is common to surveys in sedimentary basins, the vast majority of power in the magnetic field is concentrated in the very long wavelengths region represented by steep incline. This steep section represents the high amplitude, broad anomalies mainly associated with deep basement magnetization. The more gradual decline of the spectrum for wavelengths shorter than a few thousand metres is caused by magnetization nearer to surface within the sedimentary section. Over such basins, the sharp transition in the spectral curve from steep to gradual decline is commonly due to the transition from the highly magnetic basement rock to less magnetized sedimentary rock. Spector and Grant (1970) have shown that each slope in the spectrum represents a distinct ensemble of magnetic sources from a given depth in the mapped area. On the other hand, angular features of magnetic bodies (strike, dip angle and dip azimuth) and those of the geomagnetic field (inclination and declination), can be obtained from the phase or angular spectra (Thurston and Smith 1997, Naidu and Matthew, 1998) .
It is also noted that the form of the magnetic anomaly over an area from a given body depends on the geometry of the body, the direction of the earth's magnetic field at a location of the body, that is, the effect of magnetic latitude, the direction of polarization of the rock forming the body, the orientation of the body with respect to the direction of the earth's magnetic field and the orientation of the line of observation with respect to the axis of the body. The aim of this study is to examine the concepts of radial and angular spectra of magnetic fields and to particularly apply the outcome of the latter, to both synthetic and real data. Angular spectral peaks in the frequency sub-bands are expected to predict sets of known and unknown angular lineation in the area. Naidu (1969) and Mishra and Naidu (1974) gave the spectrum of a two-dimensional magnetic survey as (1) where S (u, v) is the power spectrum of a 2-D aeromagnetic field, X (u, v) is the Fourier transform of the field, L x and L y are length dimensions, and u and v are frequency in the x and y directions respectively given as and
Theory and implementation
A two-dimensional spectrum can be expressed in a condensed form as one-dimensional spectra: the radial and angular (Spector and Grant 1970; Naidu 1980; Naidu and Mishra 1980; Naidu and Mathew 1998) . The onedimensional radial specrum is defined as
where s = is the magnitude of the frequency vector and θ = tan -1 (v/u) is the direction of the frequency vector in the spatial frequency plane v and u (in radian/ km) in the x-and y-directions. Similarly, the angular spectrum is given as
where, ∆s is the radial frequency band starting from s 0 to s 0 + ∆s, over which the averaging is carried out. It is useful as a rule to look at power spectra in one-dimensional or profile form rather than in two-dimensional or map form. This is because, S is a somewhat bumpy function of θ when the width of the model is moderately large, and the bumpiness imparts a certain irregularity to the contours (Fedi et al., 1997) . The power spectra in one-dimension also enables ensemble of magnetic block parameters (average magnetic moment/unit depth, average depths to top, average thickness and average widths) to be factored out completely for effective analysis (Spector and Grant 1970) . Usually the angular spectrum is normalized with respect to the radial spectrum so as to free this spectrum from any radial variation. In this case, the normalized angular spectrum, Anorm (Naidu and Matthew, 1998 ) is:
The computations of spectra in equations (4) and (5) require the use of a template. The radial spectrum is computed by averaging the 2D spectrum over a series of annuli while the angular spectrum is computed by averaging over angular sectors in the template. Naidu (1980) and Naidu and Matthew (1998) have shown that the angular spectrum of the total field, S fT of a uniformly magnetized layer having an uncorrelated random magnetization is given by
Where h, is depth to the magnetic layer, I 0 is the direction of the current earth's magnetic field, α, β and γ are directional cosines while θ 0 is the declination of the earth's magnetic field. Thus the angular spectrum is a maximum in the direction of polarization vector. Naidu (1970) had earlier shown that the shape of the angular spectrum is a product of a number of factors such as rock type, strike and polarization vector, but the latter two factors influence the shape of the spectrum significantly. Thus the presence of peaks in the angular spectrum gives an indication of linear features in the map.
On the other hand, the radial spectrum gives a measure of the rate of decay with respect to radial frequency of the spectral power, which may represent a deep-seated phenomenon (Bhattacharyya, 1966; Naidu, 1970; Spector and Grant, 1970) . Since the major objective of this study does not include depth determination, the radial spectrum will not be considered further.
A test case
The performance of the angular spectrum was tested on the magnetic anomaly of a dipole. The magnetic anomaly of a ( ) ( ) cgs (0.0012 SI). The magnetic anomaly of this dipole was computed and contoured as map (Fig. 1) . In computing the angular spectrum of this dipole anomaly (Fig. 1) , the 50x50 data grid was padded with sufficient zeros and cosine tapered to make data matrix amenable for FFT computations. This resulted in a data matrix size of 64x64. The angular spectrum is then calculated for three frequency sub-bands, i.e. 0-10, 10-20, 20-30 frequency numbers for angular interval of 180o. Note that the highest frequency number in the data is 32. 30'E. The Benue Trough is an intra-cratonic rift structure that extends from the northern limit of the Niger Delta to the southern margin of the Chad Basin (Benkhelil, 1982) . Offodile (1976) has described the litho-stratigraphic sequence of the MBT (Fig. 3) . The lithological units of MBT show that the Cretaceous stratigraphy of this geographic division of the Benue Trough comprises the oldest rocks belonging to the Asu River Group: a mixture of shale and siltstones of marine origin, and lava-flows, dykes and sills representing the first middle Albian episode into the Benue Trough. This group, which is believed to be about 3000m thick, lies unconformably on an older basement complex. The basement complex which crops along the fringes of the study area, consists of granulitic gneisses, migmatites, Older Granites, Younger Granites, porphyries and rhyolites. Rock units belonging to the Asu River Group outcrop along the axis of the Keana Anticline to the east of the town of Keana (Offodile 1976) . The Asu River Group is overlain by the transitional beds of the Awe Formation, which consists of flaggy, whitish, medium to coarse-grained sandstones, interbedded with carbonaceous shales or clays from which brine springs issue continuously (Ford 1981 , Offodile 1984 . The Awe Formation marks the beginning of the regressive phase of the Albian Sea and is overlain by continental fluviatile sands of the Keana Formation.
The Ezeaku, Agwu and Lafia Formations are also present and these represent the Turonian to Early Maastrichtian sediments in the MBT. The Ezeaku Formation comprises essentially of calcareous shale, micaceous fine to mediumgrained friable sandstones, and occasional beds of limestone. The Coniacian Agwu Formation consists mainly of black shale, sandstones and local coal seams. The Maastrichtian Lafia Formation is the youngest formation reported in the MBT and consists of coarse-grained ferruginous sandstones, red loose sand, flaggy mudstones and clays (Offodile, 1976) . Major Santonian tectonic events have affected the Albian to Coniacian sediments, producing numerous folds, faults and fractures. These events were accompanied by mafic to intermediate volcanic activity that led to the emplacement of dykes, sills, lavas and tuffs (Short and Stauble, 1967; Murat, 1972; Benkhelil, 1989) . Consequently, most parts of the Lower and Middle Benue were uplifted with more than 1000 m of sediments eroded (Agagu and Adighije, 1983) .
Aeromagnetic data analysis
An aeromagnetic survey covering almost the entire Nigerian country was carried out within the period 1974 -1976 by three consultants: Hunting Geology and (inset, is the location of the Middle Benue Trough: after Offodile, 1976) Geophysics Ltd., Fairey Survey Ltd and Polservice PPG, on behalf of the Geological Survey of Nigeria (GSN). The aim of this survey has been to assist in mineral and groundwater development through improved geological mapping. For the Middle Benue Trough, the survey flying altitude was at 150 m mean terrain clearance (nearly 275 m above the mean sea level) on lines spaced at 2 km along the NNW -SSE direction. Twenty half -degree square aeromagnetic contour maps, purchased from GSN, were manually digitized along the N-S, E-W directions at 1.5 km interval. They were digitally merged and corrected for the main field using the International Geomagnetic Reference Field (IGRF) corresponding to the epoch date of 1st January 1974, using the 1975 model. The resulting magnetic anomaly from this treatment was recontoured using the Golden Software surface mapping system (Surfer version 7.02). This is displayed in Fig. 4 .
The composite aeromagnetic anomaly map (Fig. 4) shows the values ranging from -750 to 100 nT and having a northeast trending pattern of low relief magnetic values in the central and southeastern parts of the area, juxtaposed by the high-relief areas in the northwest part. Thus the low gradient and negative contours exist over the sedimentary surface while high gradient and negative contours are dominant towards the southeast edge of the map from the BasementCretaceous boundary into the Basement Complex rocks. The NW edge is dominated by a positive low. The average magnitude of the earth's magnetic field over this area is about 33510 nT, its inclination ranges from 4 o N to 6 o S and its declination is about 8o. This area is clearly in low magnetic latitude, and indeed the 0 o magnetic latitude passes nearly across the middle of this studied area.
The angular spectra of the total field magnetic anomaly map (Fig. 4) were computed. First, the map was divided into two sub-areas along the E-W axis. The upper part has a size of 128x128 and the lower portion a size of 57x120. In this study, the FFT techniques was also used to accomplish the analysis of the angular spectra. The upper part of the map (128x128) is already amenable for FFT application since the matrix size is already of the order of 2 N , where N>5 is an integer. The data in the lower sub-area however, was cosine tapered and then padded with sufficient zeros to produce a data of 128 x 128 which is amenable for FFT application.
Secondly, the averaging was carried out over three frequency bands (0-20, 20-40 and 40-60 
Discussion
Angular spectrum as examined here is used in trend detection. It has been shown from synthetic data that certain known sets of lineation can be detected. This analysis has been extended to real field data where the aeromagnetic anomaly map of the Middle Benue Trough, Nigeria has been used. Benkhelil (1982) for the Upper Benue Trough. The 56 o peak corresponds to the prominent of the four magnetic discontinuities (N55E) suggested by Benkhelil et al. (1989) and Likkason et al. (2005) . These discontinuities are concentrated along two corridors; the upper with a width of about 40 km and the lower with a width varying from 20 km to 40 km. Onshore, the corridors are related to the NW and SE flanks of the Benue Trough; offshore, they correspond to the Chain and Charcot fracture zones respectively. (Likkason et al. 2005) . The asymmetric nature of the dipoles suggested that the dominant tensional regime that prevailed was a longitudinal stretching leading to a N65E trend of the Benue River in the area (Likkason et al. 2005) . Finally, the peaks at 75 o and 102 o are probably due to set of anomalies trending east-northeast and west-northwest respectively.
The second sub-area of the map is mostly dominated by the basement complex rocks and shows 4 o peak in the low, mid and high frequency bands of the angular spectrum (Fig.  6 ). This peak value also corresponds to the value of the inclination of the earth's magnetic field in the area. The peak at 12 o appearing in the mid and high frequency subbands is probably related to the minor N15E fractures belonging to N-S trending shear system in some portions of the Upper Benue Trough as suggested by Benkhelil (1982) as the two sub-basins are genetically linked. Benkhelil (1982) reported that the sedimentary cover of the Upper Benue Trough displays simple structures such as folds and faults, which results from NNW-SSE trending compression coupled with sinistral wrenching along the axis of the Benue Trough. An orientation of N150E was associated with this conjugate wrench fault system. This is probably the reason for the peak at 149 0 appearing in the mid and high frequency sub-bands, even though with reduced magnitude. The peak at 157 0 is due to some sources located within the basement, probably some intrusive bodies.
Conclusions
In this work, the angular spectrum has been explored as a tool in the analysis of the magnetization directions over an area. This tool has been applied to both synthetic and real data. The magnetic declination of a dipole was accurately predicted by the measure of dominance of spectral peak in the three frequency sub-bands. Many angular features, such as magnetic latitude, sedimentary trend, fault styles and other structural striation over the Middle Benue Trough, Nigeria have emerged in the frequency sub-bands as spectral peaks. One of the drawbacks of this method is that the angular spectrum can also show other peaks due to such factors as polarization direction and the effect of tapered spectral window. The unambiguous identification of such peaks is the subject of further studies.
